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Abstract: Sandy soils with high alkalinity are characterized by low copper (Cu) contents that lead to
many deficiency symptoms in plants. Cu deficiency in plants can be corrected using several cheap
Cu sources. Nevertheless, the effects that novel sources, such as Cu nanoparticles (NPs), have on
plants remain poorly studied. In the present work, we investigated the effect and efficiency of Cu
supplementation to onion (Allium cepa L.) plants using Cu sulfate, chelate, or NPs, and compared their
effects on bulb quality, yield, and contents of phytochemicals. Two successive seasons (2018/2019
and 2019/2020) of field experiments were conducted in newly reclaimed sandy soils, where plants
were sprayed with either 10 ppm CuO NPs, 20 ppm CuSO4·5H2O, or 20 ppm of Cu chelates. Overall,
Cu deficiency (control) resulted in a significant decrease in yield and all quality traits of onion plants.
CuO NPs treatment significantly enhanced growth parameters, including plant height, number of
leaves, fresh and dry weight, yield, and bulb quality, compared with Cu sulfate and chelates. This
was also the case regarding chemical constituents such as macro- and micro-nutrients, total soluble
solids, phytochemical compounds, vitamins, and amino acids. Although Cu sulfate is the cheapest
form used for Cu supplementation, results of the present study suggest that CuO NPs was not only
safe to use, but also was the treatment that led to the highest onion yield and quality.

Keywords: onion; copper; nanoparticles; fertilization; yield; quality

1. Introduction

Onion is one of the most consumed vegetable crops around the world, with recent
statistics estimating a worldwide production of about 96.8 million tons [1]. Besides its
culinary uses, onion tissues have a wide variety of phytochemicals such as polyphenolics,
flavonoids, ascorbic acid, sapogenins and saponins, sulfur compounds, anthocyanins,
organic acids, aldehydes, and ketones [2]. These phytochemicals act in preventing and
curing many diseases such as diabetes, hypertension, hypocholesterolemia, and atheroscle-
rosis [3,4]. The levels of biochemical components and morpho-physiology of onion are
closely related to the quality of the fertilization regime and soil conditions in which it is
cultivated. A recent review by Khokhar [5] summarized the importance of micronutri-
ents’ application to onion and reported the crucial role that iron (Fe), zinc (Zn), boron (B),
and copper (Cu) have in increasing its yield and quality. Among these micronutrients,
Cu is one of the least studied. Cu is an essential micronutrient that forms part of many
important proteins and enzymes in plants and plays an important role in metabolism [6].
The effects of Cu deficiency manifest first in younger leaves because Cu is an immobile
nutrient [7]. Onion plants are regarded as sensitive to Cu deficiency, and distinct symptoms
thus become visible on Cu-deficient plants. Cu deficiency turns leaf tips white and bent
at right angles. As Cu deficiency continues, leaves become chlorotic and necrotic while
bulbs become pale and thin with fragile skins. Cu-deficient onion plants also mature early
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and produce greenish-bronze bulbs [8]. Cu deficiency is usually accentuated in sandy
soils characterized by low contents of inorganic matter and high pH values, which are
prevalent in many agricultural lands [9]. It is therefore important to adopt appropriate crop
management practices in order to prevent Cu deficiency, increase both Cu use efficiency
and onion yields, and reduce the overall costs of fertilizers.

Cu deficiency can be corrected by soil or foliar application of different Cu sources.
A cheap and most commonly used source is Cu sulfate (CuSO4·5H2O), which contains
approximately 25% elemental Cu. Soil application of Cu sulfate in sandy soils is reported
to increase the thickness of onion scales and change their color from pale to brilliant
brown [10]. However, foliar application of Cu sulfate may cause scorching to the leaves.
Another alternative source is Cu chelates, which was reported to be more effective in soils
of high pH values [8]. Recently, Cu nanoparticles (NPs) were introduced as a novel form
of this micronutrient in agricultural studies. Nevertheless, Kasana et al. [11] reviewed the
effects that Cu NPs have on crops and concluded that they do not have much effect on
germination or growth of plants. Nevertheless, this conclusion has several shortcomings
and is contradicted by several reports in the literature. First, treating lettuce seeds with
0.066% (w/w) Cu NPs was reported to increase shoot:root ratio of 15-day seedlings by
91% [12]. Second, many of the studies included in the above-mentioned review used
extremely high doses of Cu, reaching levels of 1000 mg/L (ppm), which are very toxic
to plants. Finally, and most importantly, the aforementioned review did not take into
consideration that plants have different responses to Cu supplementation. This is important
to consider because, while a certain Cu level might be toxic to one plant, a much higher
concentration can be beneficial to another. For example, Arabidopsis thaliana seems to be
very sensitive to Cu NPs supplementation, where only 2 mg/L of Cu markedly reduces
its biomass [13]. This, however, is not the case in some Allium species that tolerate high
doses of Cu. In fact, 50 ppm of Cu chelates was reported to significantly increase onion
yields [14]. In addition, a recent study reported that greenhouse grown Allium fistulosum
(green onions) positively responded to three different Cu nutrition sources (bCuO, CuO
NPs, and CuSO4·5H2O) at high concentrations reaching up to 600 mg/kg, which enhanced
the nutrient and allicin contents of treated plants [15].

Although many reports have described the effects of Cu sulfates and chelates on yield
and quality of crops, very few studies are available regarding the effects that Cu NPs have
on nutrient elements, vitamins, amino acids, yield, and quality of crops in general, and of
onion in particular. We hypothesize that CuO NPs have a higher efficiency in enhancing
agronomical and biochemical attributes of onion bulbs, compared with other Cu forms,
due to their optimum size and penetration ability to biological tissues. Thus, the aim of
this study was to compare the efficiency of CuO NPs with the traditional Cu sulfate and
chelated fertilizer forms in accumulating macro- and micro-nutrients, vitamins, amino
acids, as well as on yield and quality characteristics in onion bulbs. To the authors’ best
knowledge, this is the first study that describes the effects and efficiency of using CuO NPs
as a novel source to amend onion plants grown in Cu-deficient soils.

2. Materials and Methods
2.1. Experimental Location

The present investigation was carried out in an open field at the newly reclaimed desert
area of Wadi El-Notron station, Beheira Governorate, Egypt (Longitude 28◦54′ E, Latitude
28◦20′ N, and Altitude 130 m), throughout two seasons (2018/19 and 2019/20). Before
planting, physical and chemical analyses (Table 1) of the reclaimed soil were performed at
the Soil, Water, and Environment Research Institute, Agriculture Research Centre (A.R.C.),
Egypt, according to Richards [16] and Jackson [17].
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Table 1. Some physical and chemical properties of experimental soil before planting.

Physical Properties Value Chemical Properties Value

Particle size distribution (%) Electrical conductivity (EC ds/m) 1.70

Coarse sand (2000-200µ) 79.20 pH (1:2.5) soil:water suspension 7.98

Fine sand (200-20 µ) 13.80 Soluble cations (meq/L)

Silt (20-2 µ) 4.75 Ca2+ 5.30

Clay (< 2 µ) 2.25 Mg2+ 4.32

Bulk density (g/cm3) 1.56 K+ 2.39

Total porosity (%) 54.70 Na+ 5.40

Pore Size Distribution as % of Total Porosity Soluble Anions (meq/L)

Macro (drainable)-pores (>28.8 µ) 80.84 CO3
2- Nil

Micropores (<28.8 µ) 19.16 HCO3
- 1.65

Water holding capacity 21.56 Cl- 3.65

Field capacity 8.68 SO4
2- 12.11

Wilting percentage 4.15 Total carbonate (%) 0.20

Available moisture 4.53 Organic matter (%) 0.26

Hydraulic conductivity (cm/h) 6.30

Micronutrients (ppm)

Cu Zn Mn Fe

12.05 15.63 14.61 42.26

2.2. Soil Preparation and Organic Matter

Before planting, the soil was mechanically ploughed at an approximate depth of
30–40 cm. Then, compost (plant residues from legume crops obtained from Agriculture
Research Center, Giza, Egypt) was incorporated into the soil 14 days before planting at the
rate of 2.5 t ha−1. Table 2 shows the chemical properties of the compost. Afterwards, the
soil was planked twice until the soil surface had settled.

Table 2. Chemical properties of applied compost.

Property Value

Moisture content (%) 25
PH (1:5) 7.5

EC (1:5 extract) dsm−1 3.1
Organic C (%) 33.11

Organic matter (%) 70
Total N (%) 1.82
Total K (%) 1.25
C/N ratio 15:1
Total P (%) 1.29
Fe (ppm) 97.5
Mn (ppm) 18.40
Cu (ppm) 5.25
Zn (ppm) 14.33

Total content of bacteria (CFU g−1) 2.5 × 107

Phosphate dissolving bacteria (CFU g−1) 2.5 × 106

Weed seeds 0

2.3. Irrigation System

Irrigation water was supplied through a drip irrigation network using (4 L h−1)
drippers according to Karmeli and Keller [18].
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2.4. Plant Material and Transplantation of Seedlings

Seeds of onion cultivar ‘Giza 20′ were sown in a nursery on 15 October in both seasons.
The media for seed germination was a mixture of peat moss and vermiculite (1:3 ratio)
(obtained from Agriculture Research Center, Giza, Egypt). On 1 December of each season,
15 cm high uniform seedlings were transplanted to the open field. Onion transplants were
treated before cultivation with fungicides (Topsin M 70% w.p./vitavax 300% w.p., Wadi
El-Nile Co., Giza, Egypt) at 2.5 g kg−1. This treatment was used to prevent any fungal
damage during cultivation. The seedlings were sown at a distance of 20 cm between plants
and 50 cm between rows. Herbicide (Stomp®, BASF PLC, Cheshire, UK) was sprayed after
transplanting of seedlings and was followed by irrigation to check the growth of the weeds
at the early growth stage. The recommended cultural practices to raise healthy onion bulbs
were followed.

2.5. Fertilizer Application and Harvest

Fertilizers were applied at the dose recommended by the Ministry of Agriculture and
Land Reclamation, Egypt. All experimental plots were supplemented with ammonium
sulfate (20.5%), superphosphate (15.5%), and potassium sulfate (52%) at 690, 575, and
115 kg/ha, respectively (Obtained from Wadi El-Nile Co., Giza, Egypt). Onion bulbs were
harvested in mid-May in both seasons. Harvesting of onion bulbs was performed according
to the recommendations of the Ministry of Agriculture and Land reclamation, Egypt. Bulbs
were manually harvested when 75% of plants showed neck fall or top die-down. The bulbs
were dried (curing) in a naturally ventilated area, then the necks were trimmed, leaving
2–3 cm attached to the bulbs. The bulbs were roughed at this stage based upon their color,
shape, and size. Any damaged, twin bulbs, or long necked bulbs, if any, were discarded.

2.6. Synthesis of Copper Oxide Nanoparticles

Reagents of analytical grade (Sigma, USA) were used to prepare CuO nanoparticles
from its precursor chemical compound copper sulfate (CuSO4). Nanoparticles were ob-
tained by top to bottom molecular chemical and physical combined methods according to
Zhang et al. [19], with some modifications. 1 M sodium hydroxide (NaOH) solution was
added slowly (drop by drop) to aqueous solution of copper sulfate in a molar ratio of 1:3
under vigorous stirring for 10 h, discontinuously (2 days). The obtained precipitate was
then mixed with 2 N citric acid monohydrate for 3 h. The obtained precipitate was filtered
and washed thoroughly with ionized water in a mixed water/hexane system using a
high-speed stirrer, and then washed again with ionized water alone for 2 h. The precipitate
was finally dried in an oven at 108 ◦C for 24 h, then exposed to 1.5 psi of pressure for
5 days, discontinuously (6 h per day).

2.7. Characterization of CuO Nanoparticles

The size and shape of CuO nanoparticles were detected directly by transmission
electron microscopy (TEM) using an electron acceleration voltage of 60 kV. The TEM
samples were prepared by dropping a few drops of the solution on a carbon-coated copper
grid (., microgrid B, Oken Shoji Co. Ltd, Tokyo, Japan) and inspecting it under the TEM
microscope. A representative image of the produced CuO nanoparticles is shown in
Supplementary Figure S1.

2.8. Experimental Design

The four treatments were compared in a completely randomized block design (RBCD)
of five replicates as follows:

1. NPK+ without foliar spray (Control).
2. NPK+ copper sulfate foliar spray at rate of 20 ppm L−1 (CuSO4).
3. NPK+ EDTA chelated copper foliar spray at rate of 20 ppm L−1 (Cu-EDTA).
4. NPK+ copper oxide nanoparticles (CuO-NPs) mixed with irrigation water at the first

spray, then foliar spray at a rate of 10 ppm L−1.
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The above-mentioned concentrations of the three Cu treatments (in ppm) represent
the elemental Cu concentration. All copper treatments were applied at 20, 40, 60, and
80 days after planting.

2.9. Yield and Morphological Parameters

Five plants from each plot were randomly chosen 135 days after transplanting for
measuring the following morphological traits, according to the recommendations of the
Ministry of Agriculture and Land Reclamation, Egypt:

1. Plant height (cm), using a measuring tape.
2. Number of leaves per plant.
3. Fresh weight of leaves (g), using a sensitive balance.
4. Number of obtained bulbs per treatment.
5. Neck diameter (cm), using a caliper.
6. Bulb diameter (cm), using a caliper.
7. Bulbing ratio (the diameter of the neck divided by the bulb diameter).
8. Bulb weight (g), using a sensitive balance.
9. Fresh weight (leaves and bulbs), using a sensitive balance.
10. Yield (ton ha−1).

2.10. Chemical Analysis

Plant material was dried in an electric oven at 70 ◦C for 24 h according to AOAC [20],
then finely ground for chemical determination of elements. The wet digestion of 0.2 g plant
material with sulfuric and perchloric acids was carried out by adding 5 mL concentrated
sulfuric acid to the samples and the mixture was heated for 10 min, then 0.5 mL perchloric
acid was added and heated until a clear solution was obtained [17,20]. Total nitrogen
content of the dried leaves was determined using the modified micro-Kjeldahl method
as described by AOAC [20]. Phosphorus was determined colorimetrically by using the
chlorostannous molybdophosphoric blue color method in sulfuric acid according to Jack-
son [17]. Potassium concentration was determined using the flame photometer apparatus
(CORNING M 410, Germany). Concentrations of Fe, Cu, Zn, and Mn in plant bulbs were
determined using an atomic absorption spectrophotometer with air-acetylene and fuel
(PyeUnicam, model SP-1900, USA). Total soluble solids (T.S.S), protein, and fibers were
assayed according to AOAC [20].

Total carbohydrates in bulbs were determined by the phosphomolybdic acid method
according to AOAC [20]. Two grams of sample was crushed with 10 mL 80% ethanol
in mortar and pestle, then filtered through Whatman filter paper. The filter and residue
were collected separately. The alcohol residue was taken into a 250 mL conical flask and
150 mL distilled water, and 5 mL concentrated HCL was added to it. The residue was left
to hydrolyze for 30 min and then cooled to room temperature. Na2CO3 was then added
slowly until the extract became neutral (pH = 7). The extract was filtered, and the residue
was discarded. The filtrate was taken into a conical flask and condensed in a hot water bath
for 3–4 min. Distilled water was added to the filtrate, then filtered, residue was discarded,
and the volume of filtrate was used for estimating content of reducing sugars. Of this
filtrate, 20 mL was taken into a 150 mL conical flask and 2 mL of concentrated HCl was
added to it. It was then hydrolyzed for 30 min and cooled at room temperature. Na2CO3
was slowly added until the extract became neutral (pH = 7). This extract was filtered,
residue was discarded, and the final volume of the filtrate was measured and used for
estimating content of total sugars. For the aliquot sample, 0.5 mL was taken into a test
tube and 1 mL of Somogyi reagent was added. Test tubes were placed in a boiling water
bath for 30 min, cooled to room temperature, and 1 mL of arsenomolybdate reagent was
added. The content was mixed and diluted to a volume of 10 mL and its absorbance was
spectrophotometerically measured at 560 nm.

Vitamins were determined in bulbs and estimated per 100 mL fresh weight. Vitamins
B1 (thiamin) and B2 (riboflavin) were determined fluorometrically, whereas vitamins
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B3 (niacin) and C (ascorbic acid) were determined colorimetrically (see [21] for detailed
protocols). Analysis of vitamins B5 (pantothenic acid), B6 (pyridoxine), and B9 (folate) were
performed using the HPLC method (see [19,22,23] for detailed protocols). With respect
to amino acids determination, bulbs were dried, weighed, and chopped. The obtained
mixture was subsequently freeze-dried and stored at 4 ◦C in sealed vials. The amino acid
extraction from each freeze-dried sample was performed according to Wayne [24], with
some modifications. Twenty milliliters of distilled water was added to 1.0 g of freeze-dried
onion sample. The obtained suspension was maintained under magnetic stirring for 3
min at 0 ◦C in an ice bath, and then centrifuged at 10,000 rpm for 15 min. This operation
was consecutively repeated three times by re-suspending the pellet every time. The final
solution was filtered under vacuum through a 0.45 µm nylon filter. Each extracted solution
was lyophilized again and stored at 4 ◦C in sealed vials. Each extract was analyzed using
HPLC-ELSD methodology [25]. Samples were prepared at a concentration of 25 mg/mL,
filtered through a nylon 0.45 µm filter, and analyzed in triplicate. The mobile phase gradient
was obtained from eluent A (7 mM HFBA in pure water) and eluent B (net MeCN) as
follows: 0–10 min 100% A, 10–30 min from 100 up to 75% A, 30–38 min from 75 up to
70% A, 38–39 min 100% A, 39–70 min 100% A.

2.11. Data Analysis

The obtained data were analyzed using ANOVA at the 5% significance level. The differ-
ence between means of treatments were analyzed using Duncan’s Test at the 5% significance level.

3. Results
3.1. Soil Properties after Planting

Copper deficiency caused a marked increase in soil Cu values after two seasons of
onion plantation (Table 3). In addition, soil alkalinity exhibited lower values at the end of
the experiments compared with initial values before the first season.

Table 3. Physical and chemical properties of experimental soil after planting.

Physical Properties Value Chemical Properties Value

Particle Size Distribution (%) Electrical conductivity (EC ds/m) 1.64

Coarse sand (2000–200µ) 81.30 pH (1:2.5) soil:water suspension 7.80

Fine sand (200–20 µ) 12.40 Soluble Cations (meq/L)

Silt (20–2 µ) 4.30 Ca2+ 5.13

Clay (<2 µ) 2.00 Mg2+ 4.22

Bulk density (g/cm3) 1.60 K+ 1.93

Total porosity (%) 53.78 Na+ 5.24

Pore Size Distribution as % of Total Porosity Soluble Anions (meq/L)

Macro (drainable)-pores (>28.8 µ) 82.54 CO3
2- Nil

Micropores (<28.8 µ) 17.46 HCO3
- 1.60

Water holding capacity 13.07 Cl- 3.44

Field capacity 8.46 SO4
2- 11.46

Wilting percentage 4.61 Total carbonates (%) 0.19

Available moisture 3.85 Organic matter (%) 0.22

Hydraulic conductivity (cm/h) 6.12

Micronutrients (ppm)

Cu Zn Mn Fe

17.65 12.71 9.58 37.11
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3.2. Vegetative Growth

The effects of different sources of Cu on vegetative growth parameters of onion plants
are shown in Table 4. Plant height, number and fresh weight of leaves, bulbs, and total
number of plants significantly (p ≤ 0.05) increased under all Cu treatments as compared to
control, where the highest values were obtained under CuO NPs.

3.3. Yield

Results of yield and bulb quality are presented in Table 5. Significant (p ≤ 0.05)
increases in bulb diameter, neck diameter, bulbing ratio, bulb weight, and total yield
were detected under all Cu supplementation treatments. In particular, CuO NPs treat-
ment produced the best results by boosting bulb diameter, bulb weight, and total yield
of onion as compared to control treatment. These findings were consistent in both
experimental seasons.

3.4. Nitrogen, Phosphorus, and Potassium Contents of Onion Bulbs

Results in Table 6 clearly show that foliar application of different sources of copper
had a significant (p ≤ 0.05) effect on the chemical composition of onion bulb tissues in the
two seasons of study. Once again, the highest results of N, P, and K concentration were
obtained using copper NPs as compared to other treatments. As expected, Cu deficiency
led to the lowest values of N, P, and K concentration in control plants.

3.5. Trace Elements Content of Onion Bulbs

Results in Table 7 show that foliar application of different sources of Cu had a sig-
nificant (p ≤ 0.05) effect on the nutritional values of onion tissues in the two seasons of
study. Generally, it could be noted that the maximum values of Fe, Zn, Cu, and Mn were
observed by using foliar application of CuO NPs as compared to other treatments, while
the lowest values were observed under control conditions.

3.6. Phytochemicals Content of Onion Bulbs

Results in Table 8 show the phytochemicals composition of onion treated by different
sources of Cu. Exposure of onion plants to Cu deficiency markedly reduced the contents
of carbohydrates, protein, dietary fibers, as well as the percentage of total soluble solids
(TSS) of onion bulbs. The supplementation of Cu in the form of foliar spray had significant
(p ≤ 0.05) impacts on these parameters and resulted in higher values compared to control,
especially CuO NPs. Moreover, Cu deficiency caused a significant (p ≤ 0.05) increase in
water content of bulbs, and the values were different for this parameter under different
sources of Cu. The lowest value of water content was recorded under CuO NPs treatment.

3.7. Vitamin Contents of Onion Bulbs

Cu deficiency resulted in a marked (p≤ 0.05) decrease in contents of vitamins of onion
bulbs (Table 9). CuO NPs application resulted in more vitamin B3 compared to other Cu
sources, which were inferior in this context. Nevertheless, the results of the rest of the
studied vitamins were not consistent between the two seasons.

3.8. Amino Acid Contents of Onion Bulbs

Cu deficiency caused a notable decrease in amino acid contents of onion compared
with all three Cu foliar treatments (Table 10). Exogenous application of Cu increased the
contents of methionine, phenylalanine, leucine, tryptophan, and cysteine in onion, with
the highest significant (p ≤ 0.05) increases attributed to CuO NPs treatment.
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Table 4. Effects of different sources of Cu on vegetative growth parameters of onion in two seasons (2018/2019 and 2019/2020).

Season 1 (2018–2019) Season 2 (2019–2020)

Plant
Height (cm)

No. of
Leaves/Plant

Fresh Weight of
Leaves (g) No. of Bulbs Plant Height (cm) No. of

Leaves/Plant
Fresh Weight of

Leaves (g) No. of Bulbs

Control 50.2 ± 0.32 b 9.20 ± 0.25 a 30.2 ± 0.12 b 103 ± 2.5 c 51.5 ± 1.5 b 9.59 ± 1.3 a 32.4 ± 1.2 b 107 ± 2.1 c

CuSO4 52.1 ± 0.46 a 9.60 ± 0.13 a 32.5 ± 0.22 a 124 ± 3.3 b 52.8 ± 0.9 b 9.73 ± 0.8 a 33.6 ± 1.5 b 125 ± 1.5 b

Cu-EDTA 53.0 ± 1.02 a 9.85 ± 0.57 a 33.7 ± 0.15 a 125 ± 2.4 b 53.5 ± 0.7 b 9.80 ± 1.1 a 33.9 ± 1.1 b 126 ± 2.1 b

Cu-NPs 55.2 ± 1.32 a 10.20 ± 0.41 a 38.9 ± 0.36 a 130 ± 1.9 a 55.7 ± 0.6 a 10.15 ± 2.3 a 37.8 ± 1.6 a 132 ± 1.3 a

Each value represents the mean ± standard error. Values with different letters show significant differences at p ≤ 0.05 (Duncan’s Test).

Table 5. Effects of different sources of Cu on the yield and bulb quality of onion in two seasons (2018/2019 and 2019/2020).

Season 1 (2018–2019) Season 2 (2019–2020)

Bulb
Diameter

(cm)

Neck
Diameter

(cm)
Bulbing Ratio Bulb Weight

(g)
Total Yield

(ton/ha)
Bulb

Diameter
(cm)

Neck
Diameter

(cm)
Bulbing Ratio Bulb Weight

(g)
Total Yield

(ton/ha)

Control 5.70 ± 0.04 b 1.56 ± 0.02 b 0.27 ± 0.0001 c 85.3 ± 4 c 18.6 ± 0.3 c 5.93 ± 0.03 b 1.58 ± 0.03 c 0.27 ± 0.0001 b 87.9 ± 7 c 19.0 ± 0.4 c

CuSO4 5.86 ± 0.06 b 1.63 ± 0.04 b 0.28 ± 0.0001 b 90.5 ± 6 c 20.2 ± 0.9 c 5.91 ± 0.04 b 1.85 ± 0.02 b 0.31 ± 0.0002 a 96.4 ± 11 c 26.4 ± 1.6 b

Cu-EDTA 5.96 ± 0.04 b 1.74 ± 0.05 b 0.29 ± 0.0001 b 130.2 ± 8 b 25.2 ± 0.2 b 6.03 ± 0.02 a 1.86 ± 0.01 b 0.31 ± 0.0001 a 135.5 ± 7 b 30.0 ± 0.9 b

Cu-NPs 6.55 ± 0.07 a 2.04 ± 0.02 a 0.31 ± 0.0001 a 156.1 ± 10 a 32.0 ± 0.3 a 6.93 ± 0.03 a 2.19 ± 0.06 a 0.32 ± 0.0002 a 158.7 ± 9 a 33.6 ± 0.5 a

Each value represents the mean ± standard error. Values with different letters show significant differences at p ≤ 0.05 (Duncan’s Test).

Table 6. Effects of different sources of Cu on N, P, and K % of onion in two seasons (2018/2019 and 2019/2020).

Season 1 (2018–2019) Season 2 (2019–2020)

N % P % K % N % P % K %

Control 1.70 ± 0.02 c 0.14 ± 0.005 c 1.35 ± 0.01 c 1.79 ± 0.05 b 0.15 ± 0.003 c 1.25 ± 0.02 c

CuSO4 1.77 ± 0.01 b 0.18 ± 0.002 b 1.42 ± 0.03 b 1.90 ± 0.02 b 0.19 ± 0.001 b 1.32 ± 0.01 b

Cu-EDTA 1.75 ± 0.02 b 0.21 ± 0.004 a 1.47 ± 0.02 b 2.08 ± 0.01 a 0.22 ± 0.001 b 1.39 ± 0.02 b

Cu-NPs 1.92 ± 0.03 a 0.22 ± 0.006 a 1.61 ± 0.01 a 2.30 ± 0.03 a 0.25 ± 0.002 a 1.46 ± 0.01 a

Each value represents the mean ± standard error. Values with different letters show significant differences at p ≤ 0.05 (Duncan’s Test).
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Table 7. Effect of different sources of Cu on trace elements contents of onion in two seasons (2018/2019 and 2019/2020).

Season 1 (2018–2019) Season 2 (2019–2020)
Fe

(ppm)
Cu

(ppm)
Zn

(ppm)
Mn

(ppm)
Fe

(ppm)
Cu

(ppm)
Zn

(ppm)
Mn

(ppm)

Control 143.7 ± 2 c 7.50 ± 0.12 b 22.9 ± 0.1 c 19.9 ± 0.2 b 137.6 ± 2 c 7.98 ± 0.21 c 23.9 ± 0.3 b 20.4 ± 0.5 b

CuSO4 150.7 ± 1 b 7.92 ± 0.25 b 24.3 ± 0.2 b 21.7 ± 0.1 a 154.8 ± 3 b 8.60 ± 0.25 b 25.3 ± 0.1 a 22.8 ± 0.2 a

Cu-EDTA 157.1 ± 2 a 8.56 ± 0.32 a 24.9 ± 0.3 b 23.0 ± 0.1 a 166.3 ± 3 a 8.80 ± 015 b 26.0 ± 0.3 a 23.1 ± 0.2 a

Cu-NPs 159.6 ± 3 a 8.90 ± 0.28 a 25.9 ± 0.2 a 23.4 ± 0.2 a 169.1 ± 4 a 9.39 ± 0.19 a 26.8 ± 0.5 a 23.8 ± 0.4 a

Each value represents the mean ± standard error. Values with different letters show significant differences at p ≤ 0.05 (Duncan’s Test).

Table 8. Effect of different sources of Cu on phytochemical contents of onion in two seasons (2018/2019 and 2019/2020).

Season 1 (2018–2019) Season 2 (2019–2020)
TSS
(%)

Carbohydrates
(mg/g)

Protein
(mg/g)

Dietary
fibers (mg/g)

Water
(mg/g)

TSS
(%)

Carbohydrates
(mg/g)

Protein
(mg/g)

Dietary
fibers (mg/g)

Water
(mg/g)

Control 7.02 ± 0.1 c 92.0 ± 0.2 c 9.0 ± 0.2 b 16.0 ± 0.2 b 873.5 ± 3 a 6.03 ± 0.3 b 93.3 ± 0.4 b 8.9 ± 0.02 c 15.3 ± 0.3 c 853.5 ± 9 a

CuSO4 7.23 ± 0.1 b 93.5 ± 0.1 b 10.3 ± 0.1 a 16.4 ± 0.0 a 862.3 ± 5 a 6.50 ± 0.2 a b 95.8 ± 0.9 b 11.3 ± 0.00 b 16.1 ± 0.2 b 834.3 ± 5 b

Cu-EDTA 7.63 ± 0.4 b 94.3 ± 0.3 b 10.5 ± 0.3 a 16.8 ± 0.1 a 857.8 ± 6 a 6.67 ± 0.3 a 101.3 ± 0.5 a 11.5 ± 0.00 a 16.5 ± 0.3 b 816.6 ± 3 b

Cu-NPs 8.23 ± 0.1 a 95.3 ± 0.1 a 11.1 ± 0.6 a 17.1 ± 0.1 a 820.0 ± 3 b 6.75 ± 0.4 a 102.8 ± 0.7 a 11.6 ± 0.01 a 17.0 ± 0.1 a 800.0 ± 2 c

Each value represents the mean ± standard error. Values with different letters show significant differences at p ≤ 0.05 (Duncan’s Test).

Table 9. Effect of different sources of Cu on vitamin contents of onion in two seasons (2018/2019 and 2019/2020).

Season 1 (2018–2019) Season 2 (2019–2020)

B1 (mg) B2 (mg) B3 (mg) B5 (mg) B6 (mg) B9 (µg) C (mg) B1 (mg) B2 (mg) B3 (mg) B5 (mg) B6 (mg) B9 (µg) C (mg)

Control 0.039(2) c 0.023(1) c 0.113(1) c 0.129(2) a 0.14 ± 0.02 a 20 ± 0.1 a 7.0 ± 0.2 a 0.043(1) a 0.030(1) a 0.111(2) b 0.124(6) a 0.12 ± 0.01 b 17 ± 0.2 b 6.7 ± 0.2 b

CuSO4 0.041(1) b 0.025(2) b 0.115(3) b 0.123(4) c 0.11 ± 0.01 b 19 ± 0.2 b 7.2 ± 0.4 a 0.040(1) b 0.024(2) b 0.110(2) b 0.120(5) b 0.16 ± 0.01 a 15 ± 0.1 b 7.9 ± 0.1 a

Cu-EDTA 0.043(3) b 0.026(2) b 0.117(2) b 0.125(3) b 0.12 ± 0.01 b 18 ± 0.3 b 7.4 ± 0.2 a 0.044(2) a 0.020(4) c 0.118(4) a 0.125(6) a 0.11 ± 0.02 b 18 ± 0.2 a 7.6 ± 0.3 a

Cu-NPs 0.048(2) a 0.029(1) a 0.120(1) a 0.120(2) c 0.14 ± 0.03 a 22 ± 0.3 a 7.8 ± 0.6 a 0.045(1) a 0.031(7) a 0.117(1) a 0.121(4) b 0.15 ± 0.01 a 20 ± 0.5 a 7.9 ± 0.2 a

Each value represents the mean ± standard error. Values with different letters show significant differences at p ≤ 0.05 (Duncan’s Test)
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Table 10. Effect of different sources of Cu on amino acid contents of onion in two seasons (2018/2019 and 2019/2020).

Season 1 (2018–2019) Season 2 (2019–2020)

Methionine
(µg/mL)

Phenylalanine
(µg/mL)

Leucine
(µg/mL)

Tryptophan
(µg/mL)

Cysteine(
µg/mL)

Methionine
(µg/mL)

Phenylalanine
(µg/mL)

Leucine
(µg/mL)

Tryptophan
(µg/mL)

Cysteine
(µg/mL)

Control 40.1 ± 0.3 c 3.1 ± 0.2 c 31.2 ± 0.3 c 25.4 ± 0.6 b 48.6 ± 0.1 c 39.9 ± 0.2 c 3.2 ± 0.7 d 33.2 ± 0.3 b 29.7 ± 0.5 a 46.7 ± 0.5 c

CuSO4 44.3 ± 0.5 b 11.2 ± 0.4 c 33.4 ± 0.2 c 20.1 ± 0.5 c 50.0 ± 0.2 b 42.8 ± 0.1 b 11.2 ± 0.2 c 34.5 ± 0.4 b 22.4 ± 0.2 c 49.2 ± 0.4 b

Cu-EDTA 43.1 ± 0.9 b 13.3 ± 0.1 b 36.1 ± 0.6 b 24.2 ± 0.2 b 50.0 ± 0.5 b 45.1 ± 0.6 a 13.6 ± 0.4 b 33.9 ± 0.7 b 26.4 ± 03 b 49.3 ± 0.2 b

Cu-NPs 48.2 ± 0.6 a 15.9 ± 0.6 a 40.1 ± 0.8 a 28.7 ± 0.4 a 55.3 ± 0.3 a 46.9 ± 0.5 a 16.1 ± 0.2 a 41.2 ± 0.2 a 29.1 ± 0.4 a 56.0 ± 0.3 a

Each value represents the mean ± standard error. Values with different letters show significant differences at p ≤ 0.05 (Duncan’s Test).
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4. Discussion

This study investigated the response of onion plants grown in Cu-deficient soil to
CuO NPs compared with CuSO4 and chelated Cu forms. The maximum recovery from Cu
deficiency in the majority of the studied parameters was observed when onion plants were
sprayed with 10 ppm CuO NPs.

4.1. Importance of Copper to Plants

Cu together with iron, zinc, boron, chlorine, manganese, and molybdenum are consid-
ered essential micronutrients that plants need to carry out many important physiological
processes [6,26]. At the cellular level, Cu deficiency hinders electron transport in the
thylakoid by affecting plastocyanin proteins [27]. In addition, Cu-deficient plants have a
reduced cellular ability to scavenge reactive oxygen species (ROS) because Cu/Zn SOD
enzymes become altered [28]. These damages affect plant growth and crop quality. Mi-
cronutrient deficiencies in vegetable crops have been widely studied and many strategies
for increasing micronutrient availability in soils have been proposed [29–31]. One of the
several causes for the appearance of Cu deficiency symptoms is cultivating crops in sandy
soils of low organic matter content. This becomes exacerbated by additional environmental
factors, including soil pH, calcium concentration, and the type of crop being cultivated [9].
Although total Cu content of most agricultural soils is sufficient, ranging 20–250 mg/kg
soil, sandy-textured soils are more likely to be Cu-deficient than loams and clays, with Cu
contents ranging 1–20 mg/kg soil [32]. The total Cu content in the soil used in this study
(Table 1) was 12 ppm (mg/kg). This indicates a sub-optimal value for normal plant growth
and development according to the above-mentioned established ranges. At the end of the
experiments, the average of soil total Cu contents of the two seasons was 17 ppm (Table 3),
a value also slightly below the optimal range. This indicates that the Cu levels used in this
study were not toxic and would not contaminate the soil for future plantations. The soil
used in this study was calcareous in nature with alkaline pH values, being 7.98 and 7.8 for
before and after plantation, respectively (Tables 1 and 3). It is possible that these conditions
aggravated Cu deficiency in onion plants of this study, because Cu availability is reduced
at a soil pH above 7.0 [33].

4.2. Cu Deficiency Negatively Affects Bulb Quality Parameters of Onion

Sensitivity to Cu deficiency differs widely between plant species. Alloway and
Tills [34] reported that some field crops such as wheat are sensitive to Cu deficiency,
while others like rapeseed are less sensitive. Regarding vegetable crops, the most sensitive
species to Cu deficiency seem to be onions and carrots [35]. Generally, Cu deficiency
symptoms in plants reflect the important functions that Cu carries out. Cu is a transition
element that has an important role as an enzyme cofactor that catalyzes redox reactions.
Additionally, Cu is involved in many pivotal metabolic functions (photosynthesis and
respiration), protein synthesis, cell lignification, auxin regulation, and protection against
oxidative stress [6]. In plants, Cu deficiency first appears in the younger leaves because
Cu is an immobile nutrient. Fageria [9] reported that leaves become bluish-green and
chlorotic near the tips, extending downwards at sides of the midrib. As deficiency con-
tinues, tips become necrotic with dark-brown color. In addition, new leaves appear as
needle-shaped because they fail to unroll. In onion, leaf tips turn white and twisted or
bend at right angles [8]. As Cu deficiency progresses, leaves may become chlorotic and die
back. Regarding onion bulbs, they become pale with thin and brittle skins. This might be
because of a decrease in expression of cell wall-related genes, as previously demonstrated
in alfalfa [36]. It is worth noting that the root system is the first organ to encounter any soil
abiotic stress, including nutrient deficiency, and its traits are affected to a higher degree
compared to other plant organs [37,38]. Therefore, onion bulbs are usually greatly affected
by soil abiotic stresses. Gupta [8] also reported that Cu deficiency in onion results in an
early maturation of plants, manifested as smaller dried tops and bulbs lacking solidity and
firmness with greenish bronze color. Our results of vegetative growth and yield seem to be



Agronomy 2021, 11, 1006 12 of 18

in harmony with these findings (Tables 4 and 5), where all bulb quality parameters were
significantly affected by Cu deficiency.

4.3. CuO NPs Form Is the Most Efficient Treatment in Increasing Onion Yields

It is well-known that, up to a certain limit, plant biomass increases as photosynthetic
rate increases. Cu deficiency affects both PS I and PS II activities in the chloroplast, which
in turn reduce carbohydrate synthesis by almost 50% through affecting both chlorophyll
content and leaf area [6]. These reductions were reported to be correlated with a reduction
in plastocyanin levels in Cu-deficient leaves [39]. In addition, Cu-deficient plants show
decreases in photosynthetic rates associated with perturbation in thylakoids, reduced stom-
atal conductance, and lower Rubisco activity and RuBP regeneration [40]. The reductions in
bulb weight biomass detected in the control conditions of our study (Table 5) were almost
245%, as compared to plants sprayed with CuO NPs. This might indicate that Cu-deficient
conditions produced maximal decreases in photosynthesis, which consequently decreased
carbohydrate, fibers, and TSS % in affected bulbs (Table 8). As mentioned above, plants
differ in their sensitivity to Cu deficiency and, thus, their response to Cu supplementation
varies widely. Early greenhouse studies carried out by Gupta and MacLeod [41] reported
responses to Cu supplementation and revealed differential yield increases of wheat, barley,
and oats by 38%, 180%, and 500%, respectively. That was also the case in open field trials
of wheat grown under Cu deficiency [42]. The CuO NPs form was the most efficient
treatment to increase onion yields in our study. Increments in onion yield increased up to
72% when plants where sprayed with CuO NPs as compared to 9% and 35% in Cu sulfate
and chelate, respectively (Table 5). This might indicate a greater effect of CuO NPs on
the photosynthetic machinery as compared to sulfate and chelate forms. A recent study
reported a 31% increase in total onion yield when plants were sprayed with 50 ppm of
chelated Cu [14]. Using such high doses of Cu, however, is not sustainable to use in future
plantations because this may cause toxicity to other crops of higher sensitivity to Cu. In
addition, our study provided evidence that using a much lower dose of Cu (i.e., 10 ppm
CuO NPs treatment) was greatly effective in achieving large yield increments compared
with higher doses of Cu sulfate and chelates (i.e., 20 ppm).

4.4. CuO NPs Enhances the Content of Micro- and Macro-Elements in Onion Tissues

Although the morphological response of Cu-deficient onion plants has been described
in the literature, little is known about its response regarding the accumulation of mineral
and biochemical compounds in its tissues. It is clear from our results that onion plants
were significantly affected by Cu deficiency. Cu is known to have several interactions
with macro- and micro-elements that may consequently affect crop yields. Regarding
macronutrients, nitrogen and/or phosphorus application were reported to aggravate Cu-
deficiency in wheat [43,44]. In addition, foliar application of potassium was reported to
reduce Cu content in pecan plants [45]. Furthermore, calcium was shown to reduce Cu
uptake in wheat and lettuce [44,46]. Although CuO NPs showed a remarkable efficiency in
increasing the accumulation of macro-elements in onion bulb tissues compared with Cu
sulfate and chelates (Table 6), the reasons behind this remain to be elucidated. Concerning
micronutrients, evidence supports that Cu uptake is also inhibited by application or
presence of Zn [9]. Except for molybdenum, Cu requirement of plants is lower than the
rest of the micronutrients. Generally, adequate Cu concentration in plant dry tissues
is mostly between 2 and 20 mg kg−1 [33]. In onion, average Cu concentration in the
whole plant ranges between 8 and 45 mg kg−1 in dry matter [47]. At higher levels of Cu
supplementation, onion leaves and stems seem to accumulate more Cu than the bulbs [48].
Our results are in accordance with the aforementioned tissue Cu ranges (Table 7), where
Cu supplementation in any of the three forms increased tissue Cu contents by almost 100%.



Agronomy 2021, 11, 1006 13 of 18

4.5. Cu Enhances Vitamin Contents in Onion Bulbs

A novel result in our study is the effect that Cu deficiency has on the contents of
vitamins and amino acids of onion plants (Tables 9 and 10, respectively). Onion has a rich
variety of bioactive components that induce many beneficial effects on human health [2,4].
It is known that onion is a rich source of vitamins B6 (pyridoxine), C (ascorbic acid), and B9
(folate) [49]. These vitamins play important roles in plant metabolism and many molecular
events linked to induced resistance [50]. These include, but are not limited to, acting
as a co-enzyme in chemical reactions and induction of DNA and protein synthesis [3].
Apparently, these vitamins contained in onion seem to have a beneficial effect on treating or
preventing hyperhomocyteinemia and protecting against oxidative damage in humans [51].
The most studied vitamin regarding its relation to Cu supplementation is ascorbic acid
(vitamin C). The effect of Cu supplementation on plant tissue levels of ascorbic acid seems
to be species-dependent. For example, in vegetable crops, levels of ascorbic acid in cabbage,
carrots, cauliflower, eggplants, lettuce, and spinach increase with Cu supplementation [52].
On the other hand, Cu supplementation had no effect on the levels of ascorbic acid of
mandarin and tomato plants, while its levels decreased in spleen amaranth plants [52].
Before starting the present study, it was expected that onion plants might respond to Cu
supplementation and increase its vitamin C contents in the same manner as the above-
mentioned Cu-responsive plants, such as spinach and carrots. Nevertheless, our results
on onion indicated that, although levels of vitamin C increased under all three Cu sources
used in this study, these increases were only detected as significant in the second season of
field experiments (Table 9). These results are non-conclusive and, thus, further trials using
additional Cu concentrations are needed to confirm the effect that Cu has on ascorbic acid
contents in onion plants. Similar conclusions could be drawn on values of vitamin B1, B2,
B5, B6, and B9 (Table 9), where their changes were inconsistent between the two seasons
as well. Conversely, Cu supplementation had a significant effect on B3 (niacin) contents
of onion plants in both seasons (Table 9). Little is known about vitamin B3 biosynthesis
pathways in plants [53] and, therefore, the way that Cu causes such increases in vitamin
B3 remains to be elucidated. In all cases, elevated vitamin B3 levels in onion under Cu
supplementation might be beneficial for preventing and treating human diseases such as
pellagra and high blood pressure [54].

4.6. Cu Enhances the Accumulation of Amino Acids in Onion Bulbs

In contrast to vitamins, Cu supplementation remarkably increased the content of
amino acids in onion in both seasons. The effects of Cu deficiency and/or its supplemen-
tation on amino acid contents in plants are vastly understudied. Early reports, however,
established that each amino acid responded differently to Cu deficiency in tomato [55]. The
author reported that tomato plants subjected to Cu deficiency had increased levels of as-
partate, glutamate, asparagine, arginine, β-alanine, valine, and proline. On the other hand,
amino acid levels of histidine, lysine, serine, glycine, threonine, α-alanine, γ-aminobutyric
acid, ethanolamine, and phenylalanine decreased in Cu-deficient tomato plants. The levels
of the rest of the amino acids in the aforementioned study remained the same. Our results
in onion show similar effects for phenylalanine, where it is severely decreased under
Cu deficiency (Table 10). The rest of the amino acids in our study (methionine, leucine,
tryptophan, and cysteine) were increased by Cu supplementation, reaching the highest
levels under CuO NPs treatment. Cu is present in many plant amino acids. It may be
bound with nitrogen in histidine in an oxidized state (Cu2+) or by sulfur in cysteine or
methionine in a reduced state (Cu+) [27]. Cu also forms part of many important proteins
such as plastocyanin, cytochrome c oxidase, Cu/Zn Super oxide dismutase, ethylene recep-
tors, laccase, ascorbate oxidase, amine oxidase, phytocyanin, and polyphenol oxidase [56].
Consequently, any Cu deficiency would affect total protein content in plants. Our study
might support this notion, as the contents of protein in Cu-deficient onion plants were
significantly reduced (Table 8).
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4.7. Is There a Clear Limit between the Stimulating and Inhibiting/Toxic Concentrations of Cu NPs
in Plants?

One reason why CuO NPs might be more effective and efficient in supplementing
Cu to plants is that nanoscale Cu has a higher surface per volume compared with sulfate
and chelate forms. This gives CuO NPs new physical and chemical properties that might
not be present in bulk form. For instance, compared with bulk materials, NPs have the
ability of penetrating thick cell walls and exerting their functions inside seeds, resulting in
improved germination rates in some plants [57]. Some NPs affect photosynthesis directly
by interacting with carbonic anhydrase and Rubisco [58].

Nonetheless, are Cu NPs beneficial or toxic to plants? A considerable body of literature,
including the present work, indicates that the application of Cu nanoparticles has many
beneficial effects on certain plant species. Cu NPs significantly increase fruit quality
and bioactive compounds of tomato under normal conditions [59] and under salinity
stress [60]. Priming maize plants with Cu NPs increases photosynthetic pigments and
total grain yield under drought stress [61]. Recent reviews by Mittal et al. [62] and Paramo
et al. [63] documented several works that emphasize the beneficial role of Cu NPs in the
agro-industry and in producing high-quality food for human nutrition. In these studies,
Cu NPs play clear roles as elicitors of many bioactive compounds of high nutritional
quality [64] in cucumber [65], ashwaghanda [66], basil [67], and stevia [68]. On the other
hand, many reports document the inhibitory/toxic effects that Cu NPs have on some
plants [11,69]. After all, we cannot ignore works reporting that levels as low as 2 mg L−1

of Cu NPs seem to greatly inhibit biomass production in certain plant species, such as
Arabidopsis [3]. In fact, the use of Cu NPs as antifungal and antibacterial agents is proof
of this toxicity at certain concentrations, at least to microorganisms [70,71]. Nevertheless,
with few exceptions, most of the reviewed studies related to the toxicity of Cu NPs seem
to have a toxicological focus, and very high doses of Cu NPs are used in them ([72],
and references therein). It is thus appropriate to state with reasonable confidence that
the stimulating/toxic effect of Cu NPs differs widely among plants. Our results show
that, in the case of onion, low concentrations of CuO NPs (10 ppm) were able to produce
very positive results on bulb yield and quality compared with Cu sulfate and chelates in
sandy soils characterized by high alkalinity. Moreover, onion plants benefited from this
low concentration of Cu, with very little impact on soil Cu concentration at the end of
experiments. This makes Cu NPs a very safe option for supplementing Cu to onion plants
without polluting the environment and soil ecosystem, making it an attractive resource
for precision and sustainable agriculture [73,74]. Furthermore, the availability of several
biological materials to biosynthesize Cu NPs, including plants, bacteria, and fungi [75],
provides several options for its low-cost and environmentally safe production. In all cases,
future experiments studying the effects of higher doses of Cu NPs on onion are needed.

Another reasonable question that begs an answer is what is the limit between the
stimulating and inhibiting/toxic concentrations of Cu NPs in plants? Unfortunately, there
is no easy and direct answer to that question because that limit is not universal in plants
and depends on many factors. It might be tempting to answer that question by describing
that the limit of stimulation/inhibition of Cu NPs in tomato, for example, seems to be
between 250 and 500 mg L−1 [59]. Nevertheless, many factors other than NPs concentration
seem to play a major role in defining that limit. For example, factors related to the NPs
itself such as nanoparticle size and size distribution, morphology, agglomeration, crystal
structure, or surface charge might be potential contributors to that limit [63]. Interaction
of the NPs with other molecules is another factor that should be taken into consideration.
For instance, using CTAB-assisted formulations of Cu NPs enhance their cytotoxic and
genotoxic potential [76]. In addition, sensitivity to Cu seems to differ widely between plant
species and genera, as mentioned before. Cu also has a very narrow optimum range of
concentration in which it exerts its beneficial effects [6,8]. When Cu levels fall below or
exceed these limits, deficiency or toxicity symptoms immediately show on these plants,
respectively. Furthermore, different experimental conditions and methodologies introduce
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additional variation in the results and their subsequent interpretation. For example, it
would be risky to draw conclusions from in vitro studies or seed nano-priming experiments
and compare them with results from plants foliar-sprayed with NPs in field trials. Finally, a
more reasonable and cautious conclusion regarding Cu NPs is that their beneficial or toxic
effects depend on many factors, including the concentration and properties of Cu NPs,
plant species being studied, and experimental conditions. In all cases, future screening of
field, horticultural, medicinal, and ornamental crops in multi-local field studies are needed
to determine the exact stimulation/inhibition limit of NPs of each of these crops. It is also
recommended to establish a common framework outlining the guidelines related to these
future studies.

5. Conclusions

Recovery from Cu deficiency symptoms can be achieved by using various Cu sources
and forms. CuSO4 is known to be a cheap and common Cu form to achieve that goal.
Nevertheless, the results presented in this study provide evidence to prove the hypothesis
that low concentrations of CuO NPs not only are safe to apply to onion plants, but also lead
to higher yields, antioxidants, and phytochemicals accumulation in onion compared with
CuSO4 and chelated Cu forms. Using 10 ppm of CuO NPs also boosted yield of onion by
mainly increasing the number of bulbs and bulb weight per ha. CuO NPs also maximized
bulb contents of TSS, minerals, vitamins, and amino acids compared with CuSO4 and
chelated Cu. CuO NPs were not only safe to use but showed similar or superior results
to the other Cu forms evaluated in this study. Future studies on the effect of CuO NPs on
other crops are needed to further elucidate their role in recovery from Cu deficiency.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/agronomy11051006/s1, Figure S1: Image from TEM microscopy showing copper oxide
nanoparticles.
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